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Choroideremia is an X-linked hereditary retinal degeneration re-
sulting from mutations in the Rab escort protein-1 (REP1). The Rep1
protein facilitates posttranslational modification of Rab proteins,
which regulate intracellular trafficking in the retinal pigment
epithelium (RPE) and photoreceptors and are likely involved in the
removal of outer segment disk membranes by the RPE. A critical
question for potential treatment of choroideremia is whether
photoreceptor degeneration results from autonomous defects in
opsin transport within the photoreceptor or as a nonautonomous
and secondary consequence of RPE degeneration. To address this
question, we have characterized the retinal pathology in zebrafish
rep1 mutants, which carry a recessive nonsense mutation in the
REP1 gene. Zebrafish rep1mutants exhibit degeneration of the RPE
and photoreceptors and complete loss of visual function as mea-
sured by electroretinograms. In the mutant RPE, photoreceptor
outer segment material was not effectively eliminated, and large
vacuoles were observed. However, opsin trafficking in photore-
ceptors occurred normally. Mosaic analysis revealed that photore-
ceptor degeneration was nonautonomous and required contact
with the mutant RPE as mutant photoreceptors were rescued in
wild-type hosts and wild-type photoreceptors degenerated in
mutant hosts. We conclude that mutations in REP1 disrupt cellular
processes in the RPE, which causes photoreceptor death as a
secondary consequence. These results suggest that therapies that
correct the RPE may successfully rescue photoreceptor loss in
choroideremia.
retinal degeneration  retinal pigment epithelium
Choroideremia (CHM) is an X-linked form of retinal degen-eration caused by mutations in the gene for Rab escort
protein 1 (Rep1) (1, 2), a protein found in all tissues and highly
expressed in the outer retina and retinal pigment epithelium
(RPE). CHM causes night blindness in children and progresses
to complete loss of vision in adults. CHM is one of the few
hereditary blindness disorders that can be clinically identified
before significant loss of visual function (3), suggesting that
diagnosis and intervention during childhoodmay prevent further
loss of vision.
Rep proteins play an essential role in the posttranslational
modification of Rab proteins, the small GTP-binding proteins
that are essential for many aspects of intracellular transport. Rep
proteins bind newly synthesized Rab proteins and facilitate the
addition of geranyl-geranyl groups, a modification essential for
Rab function in intracellular trafficking (reviewed in ref. 4). In
humans, Rep1 and its homolog, Rep2, are ubiquitously ex-
pressed and exhibit overlapping substrate specificity (5). Muta-
tions in Rep1 prevent the modification of Rab proteins, thereby
disrupting Rab-mediated intracellular trafficking in photorecep-
tors and the RPE. Because patients with CHM only experience
age-related blindness, Rep2 appears to effectively compensate
for the loss of Rep1 in all tissues except the eye (6). Interestingly,
zebrafish do not contain a Rep2 ortholog, and the loss of Rep1
results in lethality at larval stages (7).
The development and survival of photoreceptors requires
effective intracellular trafficking in both photoreceptors and the
RPE. In the photoreceptor, proteins destined for the outer
segment (e.g., opsin) travel from the Golgi to the connecting
cilium via vesicular transport that is regulated by Rab8 and Rab6
(8, 9). In Xenopus laevis expressing dominant-negative forms of
Rab8, rapid photoreceptor degeneration and defects in outer
segment morphogenesis were observed (10). It has been pro-
posed that mutations in Rep1 may lead to defects in opsin
trafficking that contribute to photoreceptor degeneration (11).
In the RPE, intracellular trafficking controls the phagocytosis
and degradation of disk membranes shed from the apical tips of
photoreceptor outer segments. Failure of the RPE to clear outer
segment debris leads to a toxic environment surrounding the
photoreceptors and causes death. It is believed that Rab proteins
function during phagocytosis by the RPE, although the mecha-
nism is not clear. It is known that Rab27a is a target of Rep1 and
that Rab27a interacts with myosin VIIA in the transport of
melanosomes (12, 13). Furthermore, culturedRPE cells that lack
myosin VIIA exhibit defects in the phagocytosis of outer seg-
ment membranes (14). A tempting hypothesis states that loss of
Rep1 disrupts the function of a Rab27a–myosinVIIA complex
and causes defects in phagocytosis by the RPE. Because all
retinal cells express Rep1, it is unknown whether CHM reflects
a cell-autonomous degeneration of photoreceptors, a noncell-
autonomous effect caused by RPE dysfunction, or a combination
of both. Development of appropriate therapies requires a clear
understanding of the tissue-specific contributions to disease.
Here, we report that zebrafish carrying a recessive nonsense
mutation in rep1 (7) exhibit retinal phenotypes consistent with
CHM. Using histological, functional, and embryonic manipula-
tions, we found that rep1 mutants experience photoreceptor
degeneration, loss of visual function, and defects in RPE pig-
mentation and outer segment phagocytosis. By producing ge-
netically mosaic animals, we show that the loss of Rep1 in the
RPE is sufficient to induce degeneration of wild-type photore-
ceptors. These findings provide insight into the pathology of the
disease and have implications for the design of future therapies.
Results
The morphological phenotypes of rep1 mutants have been
described (7), but retinal defects have not been studied exten-
sively. Mutants had slightly smaller eyes, and the loss of pigment
in the RPE could be observed through the lens as a cloudy
coloration in the posterior part of the eye (data not shown).
Because patients with CHM lose vision, an animal model of
Author contributions: B.L.K., J.B., and B.D.P. designed research; B.L.K., J.B., and B.D.P.
performed research; B.L.K., J.B., and B.D.P. analyzed data; and B.D.P. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS direct submission.
Freely available online through the PNAS open access option.
Abbreviations: dfp, days postfertilization; RPE, retinal pigment epithelium; CHM, choroi-
deremia; ERG, electroretinogram; Rep1, Rab escort protein 1.
‡Deceased January 2, 2006.
§To whom correspondence should be addressed. E-mail: bperkins@mail.bio.tamu.edu.
© 2007 by The National Academy of Sciences of the USA
4600–4605  PNAS  March 13, 2007  vol. 104  no. 11 www.pnas.orgcgidoi10.1073pnas.0605818104
CHM should also exhibit visual defects. We used full-field
electroretinogram (ERG) recordings to determine whether the
rep1mutation also results in loss of visual function. We recorded
the ERG at 5 days postfertilization (dpf) using stimuli at three
different wavelengths (Fig. 1A). When presented with a long-
flash (200 msec), the vertebrate ERG is characterized by a
hyperpolarizing a-wave, a depolarizing b-wave, and a depolar-
izing d-wave, which reflect photoreceptor cell and on- and
off-activity of second-order cells, respectively; 360 nm the
amplitude of the b-wavemasks the a-wave signal. Compared with
wild-type animals, all components of the mutant ERG were
significantly reduced at 360, 460, and 560 nm. Theminimum light
intensity required to produce the smallest detectable ERG
response was almost two orders of magnitude higher in the
mutants depending on the wavelength tested (Fig. 1B). The
b-wave amplitude of rep1 mutants was reduced across a range of
stimuli intensities at all three wavelengths. These data indicate
that rep1 mutants exhibit severe loss of outer retina function.
CHM is characterized by degeneration of the choroid, RPE,
and photoreceptors, so we investigated the retinal histology of
rep1 mutants. Retinal lamination of rep1 mutants was not
affected, and all major cell types were present (Fig. 2). The RPE
maintains a consistent thickness in wild-type animals; however,
RPE thickness was highly irregular in the mutants. Hypertrophic
areas extended into the photoreceptor layer, and other areas
possessed few or no observable melanosomes. The morphology
of the mutant photoreceptor layer was disorganized. Mutant
photoreceptor outer segments were compressed against hyper-
trophic regions of RPE. In wild-type retinas, rod and cone
photoreceptors are tiered, with UV cones located basally and
rods located apically. In rep1 mutant retinas, no discernable
tiering could be observed, perhaps due to hypertrophy of the
RPE into the photoreceptor layer.
Ultrastructural analysis of rep1 mutants by transmission elec-
tron microscopy revealed additional defects of the photorecep-
tors and RPE (Fig. 3). In rep1 mutants, photoreceptor outer
segments were disheveled and degenerating. Melanosomes in
the RPE cells were smaller and more immature than those found
in wild-type animals. Large vacuoles and undigested outer
segment disk membranes were observed within the RPE of the
Fig. 1. ERG analysis of rep1 mutant larvae. (A) ERG responses from 5 dpf
wild-type (Left) and mutant (Right) to 200-msec flashes of light at the desig-
nated wavelengths. Each waveform was based on the average response from
10 stimulus presentations. Stimulus irradiance (15 log quanta s1cm2) was
the same across all panels. Bars represent the light stimulus. (B) Graph of the
average irradiance-response functions from wild-type (filled circles; n  11)
and mutant (open circles; n 14) subjects based on the b-wave amplitude at
three different wavelengths. Error bars represent 1 SEM. A mixed-design
ANOVA found a significant difference (P  0.05) between the wild-type and
mutant responses at the last five irradiances tested.
Fig. 2. Histological sections of 4.5 dpf wild-type and rep1 mutant retinas. (A)
Wild-type retinas at 4.5 dpf have fully laminated and retinal ganglion cells (GCL),
amacrine and bipolar interneurons (INL), and photoreceptors (ONL) differenti-
ated, and the optic nerve (O.N.) is apparent. (B) Lamination and cellular differ-
entiation is not affected in rep1mutants, but eye size is reduced and the RPE layer
appears irregular. (C) High magnification of sections from light-adapted wild-
type retinas showing the rod (r) outer segments positioned distally from the cone
(c) outer segments. (D) Sections of rep1mutants showing areas of RPE hypertro-
phy (arrows) into the photoreceptor layer and other regions where the RPE is
almost devoid of pigmentation (arrowhead). Rod and cone outer segments are
not normally positioned and are shorter than wild-type.
Fig. 3. Transmission electron microscopy of 4.5 dpf wild-type and rep1
mutant retinas. (A) Electron micrographs of wild-type retinas reveal an orderly
array of photoreceptor outer segments and the uniform thickness of the RPE.
Melanosome maturation within the RPE is normal. (B–D) Electron micrographs
from multiple rep1 retinas showing degeneration of the RPE and photore-
ceptors. Arrows in B and C indicate large vacuoles observed in the RPE of rep1
mutants. Arrowheads in D indicate outer segment material not digested by
the RPE. Melanosome size and maturation vary more dramatically and are less
dense than what is seen in wild type.
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mutants. The results from light microscopy and electron micros-
copy indicate that loss of Rep1 disrupts maturation of melano-
somes and the elimination of photoreceptor disk membranes
within the RPE and leads to degeneration of the RPE and
photoreceptors.
It is well established that defects in opsin trafficking can lead
to photoreceptor death. Because Rab proteins function in opsin
trafficking (8–10), we tested the hypothesis that loss of Rep1
results in opsin mislocalization and therefore contributes to
degeneration in CHM. Retinal sections labeled with an antibody
that recognizes rhodopsin (1D1) showed little to no mislocal-
ization in wild-type or mutant rods (Fig. 4 A and E). During
development, small amounts of rhodopsin can be seen around
the plasma membrane in wild-type rods (15, 16), and this was
occasionally observed in rep1 mutants, although this was not
interpreted as an effect of Rep1 loss. In addition, both blue and
green cone opsin proteins localized exclusively to the cone outer
segments in wild-type and mutant animals (Fig. 4 B, C, F, and
G). Taken together, these data indicate that opsin mislocaliza-
tion is not responsible for photoreceptor degeneration.
Because the larval ERG is cone-dominated, we used addi-
tional immunohistochemical markers to specifically investigate
cone morphology. In wild-type animals, the red/green double
cones are regularly spaced and columnar in appearance (Fig. 4
D and H). In rep1 mutants, these cones are irregularly shaped,
appear disheveled, and have lost their columnar organization. To
determine whether photoreceptor synapses were affected in rep1
mutants, retinas were stained with antibodies for a glutamate
transporter, GLT-1, which stains cone pedicles and bipolar cell
terminals in goldfish, and the outer plexiform layer of zebrafish
(17, 18). We found that GLT-1 labeling was missing from the
outer plexiform layer and strongly reduced in the inner plexi-
form layer, suggesting that cone degeneration disrupts synapse
formation and may have deleterious effects on inner retinal cells
such as bipolar cells (Fig. 5). Although correlative, loss of GLT-1
immunoreactivity agrees with the loss of activity by inner retinal
cells seen in the ERG of rep1 mutants.
In rep1 mutant zebrafish, the degenerating RPE fails to
eliminate photoreceptor disk membranes, and yet transport of
opsin within the photoreceptors is normal. We therefore ad-
dressed the hypothesis that photoreceptor degeneration is non-
cell-autonomous and directly caused by the RPE. We produced
genetically mosaic eyes in rep1 and wild-type animals by trans-
planting cells from blastula stage embryos (19). Cells from donor
embryos that had been injected with a lineage tracing dye
(rhodamine-dextran) were transplanted into unlabeled hosts.
Transplanted cells gave rise to clones of varying size that were
assessed for cone morphology and cell death. Wild-type cells
transplanted into wild-type hosts produced cones with normal
morphology with no evidence of cell death (Fig. 6 A–D). When
rep1 mutant cells were transplanted into rep1 mutant hosts, the
photoreceptors produced by the clones lacked the columnar
organization and were similar in morphology to cells outside the
clone (Fig. 6 M–P). In addition, cell death was often observed
within and outside the clone as small, round pyknotic nuclei that
stained brightly with DAPI. When mutant cells were trans-
planted into wild-type hosts, the photoreceptor morphology was
rescued, and cell death was rarely observed anywhere within the
clone (Fig. 6 E–H). Conversely, when wild-type cells were
transplanted into mutant hosts, cell death was observed within
the clone and the morphology of photoreceptors within the
wild-type clone resembled that of the surrounding mutant cells
(Fig. 6 I–L). Quantification of clones exhibiting cell death
revealed that almost all clones of mutant photoreceptors (94%)
could be rescued when placed opposite wild-type RPE (Table 1).
Importantly, most clones of wild-type cells (71%) exhibited some
cell death and acquired an abnormal morphology when placed
opposite RPE from mutant animals.
To directly test the role of mutant RPE in photoreceptor
dysfunction, we transplanted cells from wild-type or rep1mutant
donors into albino hosts (Fig. 7). Because donor cells were
pigmented, the location of RPE clones was easily identified in the
albino hosts. Photoreceptor morphology remained unaffected by
the presence of wild-type RPE, and no differences could be seen
Fig. 4. Opsin trafficking is unaffected in rep1 mutants. Retinal cryosections were stained with markers for rod and cone photoreceptors in wild type (A–D) and
rep1mutants (E–H). The 1D1 marker labels rhodopsin (Rho), whereas antibodies are against blue opsin (BOPS) and green opsin (GOPS) in the photoreceptor outer
segments of wild-type and rep1 mutants. The zpr-1 antibody labels the red/green double cones and reveals the disheveled morphology of the photoreceptors.
All sections were counterstained with DAPI to visualize nuclei. Pyknotic nuclei, a hallmark of cell death, are seen in rep1 mutants and indicated by arrows. (Scale
bar, 20 m.)
Fig. 5. Loss of rep1 disrupts photoreceptor termini. Retinal cryosections of
wild type (Left) and rep1mutant (Right) retinas were stained with an antibody
against the glutamate transporter (GLT-1). Staining in the OPL and IPL is
greatly reduced in rep1 mutants. The asterisks mark the optic nerve.
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in photoreceptors in contact with the RPE clone and those
outside the clone (Fig. 7 A–E). In contrast, RPE cells from rep1
mutant donors disrupted the morphology of the host photore-
ceptors. The host photoreceptors were shorter, disheveled, and
more disorganized than those photoreceptors not in contact with
the mutant RPE clone (Fig. 7 F–J). Taken together, the mosaic
experiments show that photoreceptor degeneration in CHM is
noncell-autonomous and RPE cells lacking Rep1 are both
necessary and sufficient for photoreceptor cell death.
Discussion
The purpose of this study was to investigate the retinal pathology
of a zebrafish model of CHM and to test various hypotheses
regarding the mechanism of photoreceptor degeneration. The
results point to four significant findings. First, mutation of the
zebrafish rep1 gene caused degeneration of the RPE and pho-
toreceptors in a manner that closely resembled the degeneration
seen in human cases of CHM (20). Similar to what is observed
in human cases of CHM (21, 22), zebrafish rep1 mutants exhibit
variable thickness of the RPE, with areas of depigmentation and
accumulation of outer segment material in the RPE. Mutant
photoreceptors became much shorter, and visual function was
highly reduced or absent. Thus, the zebrafish represents a
suitable animal model for this disease. Second, the RPE of rep1
mutant zebrafish failed to properly eliminate photoreceptor disk
membranes, which can be a cause of nonautonomous photore-
ceptor death (23). The failure to effectively digest phagosomes
carrying disk membranes is hypothesized to cause the accumu-
lation of lipofuscin within the RPE, which is a clinical feature of
CHM, and other forms of retinal degeneration (20, 24, 25).
Third, opsin mislocalization was not observed in intact rod or
cone photoreceptors. Mislocalization of opsin was observed in a
single case study of a female carrier of CHM in which photo-
receptor degeneration was variable (20). Although mutations
that affect rhodopsin folding and trafficking can cause autono-
mous photoreceptor cell death (10, 26–28), opsin mislocalization
can also occur when the RPE fails to phagocytize shed disk
membranes, as in the RCS rat (29, 30) and possibly in the Myo7a
mouse (14). Finally, genetic mosaic analysis indicated that the
RPE of rep1 zebrafish was both necessary and sufficient to cause
photoreceptor degeneration (Figs. 6 and 7).
Perhaps the most debated question regarding the pathology of
CHM is the primary site of the disease. Our results strongly
suggest that photoreceptor death in CHM is secondary to defects
in the RPE, which differs from previous studies. In reports of a
human female carrier of CHM (20) and CHM mouse models
(31), the authors argue that the severity of degeneration of
photoreceptors and RPE does not always correlate, suggesting
Fig. 6. Analysis of photoreceptor morphology and survival in mosaic animals (see text for details). Genetically mosaic animals were created by blastomere
transplantation. Shown are retinal cryosections of 4.5 dpf mosaic animals. Cryosections were stained with DAPI to visualize nuclei (blue; A, E, I, and M) and the
zpr-1 antibody to label the red-green double cones (green; B, F, J, and N). Donor cells were labeled by the lineage-tracer rhodamine-dextran (red cells; C, G, K,
and O). Composite images (D, H, L, and P) show all markers and labels. (Scale bar, 20 m.)
Table 1. Cell death within mosaic clones
Clones analyzed Clones with pyknotic nuclei
WT3WT 12 0 (0%)
mut3WT 16 1 (6%)
WT3mut 17 12 (71%)
mut3mut 6 5 (83%)
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that the tissues degenerate independently. To address the au-
tonomy of the disease, Tolmachova et al. (31) bred mice carrying
a Chmflox gene with mice carrying a six3-Cre transgene to
generate a tissue-specific knockout of the mouse CHM gene.
During development, however, both six3 and six3-Cre transgenes
are expressed in the anterior neural plate and the optic vesicle,
which are tissues that give rise to both neural retina and RPE (32,
33). Thus, autonomy could not be directly tested in these
experiments because theCHM gene was likely missing from both
photoreceptors and RPE. Our results and methodology are
similar to those of Mullen and LaVail (34), who used chimeric
animals to identify the RPE as the primary site of disease in RCS
rats. It should be noted that the long-term fate of mutant
photoreceptors in our mosaic animals is not known, and we
cannot rule out the possibility that a slow, progressive degener-
ation may occur. Furthermore, because zebrafish lack an or-
tholog to the human Rep2 protein, the effects observed in this
study may be more severe than what occurs in human CHM
patients. Nevertheless, our results show that loss of Rep1 from
the RPE is sufficient for early photoreceptor degeneration in
zebrafish. These results have significant implications on the
development of appropriate RPE-specific therapies to treat and
correct CHM. Because this disease can be diagnosed during
childhood while symptoms are mild (3), effective intervention of
the RPE at early ages may prevent loss of vision later in life.
Materials and Methods
Zebrafish Care and Maintenance. The rep1ru848 allele, which con-
tains a nonsense mutation (Q32X) in the second exon, was
obtained from James Hudspeth, The Rockefeller University,
New York (7). Albino animals were obtained from the Zebrafish
International Resource Center. All fish were maintained ac-
cording to standard methods (35).
Histology: Light Microscopy and Transmission Electron Microscopy.
Embryos were processed for histology as described (36). For
transmission electron microscopy, transverse sections (60–80
nm) of the central retina were stained with lead citrate and
uranyl acetate. Photographs were obtained with a transmission
electron microscope (JEOL, Tokyo, Japan), and image process-
ing was performed by using Photoshop (Adobe Systems, Moun-
tain View, CA).
Immunohistochemistry. Immunohistochemistry was performed as
described (15). Images were obtained with an FV1000 confocal
microscope (Olympus, Tokyo, Japan). The following is a list of
primary antibodies used, dilution, and cell types that possess the
antigens: 1D1 (1:500) rods (37), Zpr1 (1:100) red-green double
cones (38), cone opsin antibodies (1:200) (39), and glutamate
transporter (1:100; AB1783, Chemicon, Temucula, CA) (17). The
appropriate fluorescently conjugated antibodies (Jackson Immu-
noResearch Laboratories, West Grove, PA) were used at 1:500
dilutions. Slides were counterstained with DAPI (Molecular
Probes, Eugene, OR) to label DNA.
Electroretinographic Recording. Details of the optical system and
embryo preparation can be found in refs. 40–42. All experiments
were performed on light-adapted animals at 5 dpf. Animals were
given a 200-ms stimulus at a range of irradiances (10–15 log
quanta s1cm2) at 360-, 460-, and 560-nm wavelengths.
Mosaic Analysis. Mosaic retinas were produced by blastomere
transplantation (19). Clutches of embryos from rep1 heterozy-
gous matings were dechorionated and injected at the one- to
four-cell stage with a lineage-tracing label [1:9 mix of lysine
fixable rhodamine-dextran (Molecular Probes) at a total con-
centration of 5% (wt/vol)]. At the 1,000-cell stage, 10–40
donor cells were transplanted to the animal pole of the
dechorionated wild-type hosts, and the region was fated for eye
and forebrain (43). Donor embryos were phenotyped at 4 dpf,
and host embryos were fixed in 4% paraformaldehyde at 4.5
dpf. Donor cells in host embryos were assessed by immuno-
histochemistry and confocal microscopy as described above.
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